DISTRIBUTION  STATEMENTA 
Approved  for  Public  Release 
Distribution  Unlimited 


NATIONAL  ADVISORY  COMMITTEE 
FOR  AERONAUTICS 

TECHNICAL  NOTE 

No.  1591 

AERODYNAMIC  CHARACTERISTICS  OF  A  NUMBER  OF  MODIFIED 

^  NACA  FOUR -DIGIT -SERIES  AIRFOIL  SECTIONS 

By  Laiirence  K.  Loftin,  Jr.,  and  Kenneth  S.  Cohen 

Langley  Memorial  Aeronautical  Laboratory 
Langley  Field,  Va. 


Washington 
June  1948  < 


20000807  194 


NATIONAL  ADVISOHT  COMMITTEE  EOE  AEEONAUTICS 


TECHNICAL  NOTE  NO.  I59I 


AERODYNAMIC  CHARACTERISTICS  OF  A  NUMBER  OF  MODIFIED 
NACA  FOUR^IGIT-SERIES  AIRFOIL  SECTIONS 
By  Laiarence  K.  Loftin,  Jr.,  and  Kenneth  S.  Cohen 


SUMMARY 


Theoretical  pressure  distrihutions  have  "been  calculated  and  the 
experimental  aerodynamic  characteristics  deteimined  at  low  speeds  for 
a  selected  group  of  the  NACA  four-digit— series  airfoil  sections  which 
had  previously  Been  modified  for  high-speed  applications.  The 
experimental  investigation  which  was  made  in  the  Langley  two-dimensional 
low-turhulence  pressure  tunnel  consisted  of  measurements  of  the  lift, 
drag,  and  pitching-moment  characteristics  of  each  of  the  plain  airfoils 
at  Reynolds  numhers  of  3.O  x  10^,  6.0  x  10^,  and  9.O  x  10^.  In 
addition,  the  effectiveness  of  flaps  when  applied  to  these  airfoils  and 
the  effect  upon  the  aerodynamic  characteristics  of  standard  leading— edge 
roughness  were  determined  at  a  Reynolds  numher  of  6.0  x  10^.  Also 
tested  were  three  conventional  NACA  fou3>-dlglt-eerles  airfoil  sections 
which  had  not  previously  Been  investigated  in  the  Langley  two-dimensional 
low— turBulence  pressure  tunnel. 

The  results  of  the  experimental  investigation  indicated  that 
the  maximum  lift  characteristics  of  the  modified  NACA  four-digit-series 
sections  having  normal-size  leading-edge  radii  and  a  maximum  thickness 
of  12  percent  chord  located  at  BO  percent  chord  very  closely  approximated 
those  of  smooth  NACA  6it— series  low-drag  sections  of  corresponding 
thickness  and  camBer,  When  the  leading— edge  radius  was  reduced  to  on&— 
quarter  normal  size,  the  maximum  lift  coefficients  of  the  10-percent-thick 
airfoils  with  maximum  thickness  located  at  40  and  50  percent  chord  were 
about  35  percent  lower  than  those  of  NACA  64-series  sections  of  corre¬ 
sponding  thickness  and  camBer.  For  airfoils  equipped  with  20— percent— chord 
split  flaps  deflected  60°,  the  maximum  lift  of  the  airfoils  with  one- 
quarter  normal— size  leading— edge  radii  more  nearly  approached  that  of 
NACA  64— series  airfoils.  Roughness  had  no  appreciable  effect  upon  the 
maximum  lift  of  these  airfoils.  The  minimum  drag  coefficients  of  the 
airfoils  with  maximum  thickness  at  40  percent  chord  and  normal-size 
leading-edge  radii  were  higher  than  those  of  the  corresponding 
NACA  64— series  sections.  Reducing  the  leading-edge  radius  to  one— quarter 
normal  size  and  moving  the  position  of  maximum  thickness  to  40  and 
50  percent  chord  caused  the  minimum  drag  coefficients  to  Be  reduced  to 
values  about  the  same  as  those  of  corresponding  NACA  64—  and  66— series 
sections,  respectively.  Increases  in  the  trailing-edge  angle  resulting 
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from  rearward  movement  of  the  position  of  maximum  thickness  caused 
sharp  decreases  in  the  lift— curve  slope  and  pronounced  forward  move¬ 
ment  of  the  aerodynamic  center. 


INTRODUCTION 


The  increasing  demand  for  high  speeds  in  modem  airplanes  has 
focused  much  attention  upon  airfoil  sections  capable  of  operation  at 
high.  Mach  numbers  without  suffering  the  adverse  effects  of  compressibility. 
One  of  the  first  systematic  series  of  airfoil  sections  developed  with 
a  view  toward  hi^— speed  application  consisted  of  modified  NACA  four- 
digit— series  sections.  Descriptions  and  high  Mach  number  data  obtained 
in  the  NACA  11— inch  hl^— speed  tunnel  were  presented  in  193^  (reference  l) 
for  these  airfoil  sections.  Since  the  Issuance  of  reference  1,  the 
modified  NACA  four-diglt-eerles  sections  have  been  employed  rather 
extensively  in  Ein^ope^  particularly  in  G-ermany,  and  have  recently 
received  favorable  consideration  in  this  coimtry. 

Low^peed  aerodynamic  data  obtained  in  the  NACA  Variable-Density 
Wind  Tunnel  are  available  for  several  of  the  modified  NACA  foiir-dlgit— 
series  airfoil  sections  (reference  2) .  The  range  of  airfoil  types 
covered  by  these  data,  however,  is  very  limited.  In  view  of  the  meager 
amount  of  data  available  for  the  modified  NACA  four-digit— series 
sections  and  because  of  the  recent  interest  shown  in  them,  an  investi¬ 
gation  of  the  low— speed  aerodynamic  characteristics  of  a  selected  group 
was  •undertaken  in  the  Langley  two-dimensional  low— turbulence  pressure 
tunnel.  The  airfoils  chosen  for  test  were  those  which  appeared  from 
theoretical  pressure-distribution  calculations  to  offer  the  best 
possibilities  for  high-speed  applications*  The  results  of  the  experi¬ 
mental  investigation,  together  with  the  theoretical  pressure-distribution 
data  for  a  number  of  the  modified  NACA  four^iglt— series  sections,  are 
presented  in  this  paper* 

The  aerodynamic  characteristics  of  five  of  the  modified  sections 
are  presented;  three  of  these  are  symmetrical  and  two  are  cambered 
with  the  NACA  mean  line  a  =  0.8  (modified).  (See  reference  3*)  Also 
presented  are  characteristics  of  three  conventional  NACA  foirr— digit- 
series  sections,  data  for  which  are  not  Included  in  the  systematic 
results  of  reference  4  for  this  aeries. 


COEFFICIENTS  AND  SYMBOLS 
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"Vin 


section,  drag  coefficient 


minimum  section  drag  coefficient 
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C7 

max 


%.c. 


section  lift  coefficient 
maximum  section  lift  coefficient 

design  section  lift  coefficient 

section  pitching-moment  coefficient  about  aerodynamic  center 


0-0 

“i 


dc2/(ia 

V 


Y 

Ay 

Ava 


section  pitching-moment  coefficient  about  quarter-chord  point 
section  angle  of  attack 

section  angle  of  attack  corresponding  to  design  lift 
coefficient 

section  lift— curYe  slope 

free-stream  Yeloclty 

local  Yelocity 

increment  of  local  Yelocity 

increment  of  local  Yelocity  corresponding  to  additional  type 
of  load  distribution 


•E 


E 


c 


resultant  pressure  coefficient;  difference  between  local  ' 
uppe3>-surface  and  lower-surface  pressure  coefficients 

Eeynolds  number 

boundary— layer  Eeynolds  number  based  on  boundary— layer 
thickness  and  local  Yelocity  outside  the  boundary  layer 

airfoil  chord  length 


X 

y 

^c 

a 


distance  along  chord  from  leading  edge 
distance  perpendicular  to  chord 
mean— line  ordinate 

mean— line  designation,  fraction  of  chord  from  leading  edge 
OYer  which  design  load  is  ualform 
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DESCEIPTION  AND  THEORETICAL  CHARACTERISTICS  OF  ATRFOIIS 


Basic  thicknesB  forma.—  The  modifications  to  the  NACA  four-digit— 
series  Basic  thickness  forms^  completely  described  in  reference  1,  can 
perhaps  he  Best  described  here  By  an  explanation  of  the  digits  appearing 
in  a  typical  airfoil  designation.  Consider^  for  example,  the  MCA  0012-64 
airfoil  section.  The  first  four  digits  have  the  usual  meaning  attached 
to  the  numbers  appearing  in  the  designation  of  a  conventional  NACA  foua>- 
digit-series  airfoil  section,  in  this  case  a  12— percent— thick  symmetrical 
section.  The  two  numbers  following  the  dash  describe  the  modifications. 

The  first  number  following  the  dash  is  an  index  to  the  size  of 
the  leading-edge  radius.  Leading-edge  radii  of  three  sizes,  represented 
by  the  nimabers  3^  6,  and  9,  were  investigated  in  reference  1.  The 
number  6  which  appears  in  the  illustrative  example  Indicates  the  normal- 
size  leading— edge  radius  employed  with  conventional  four-digit— series 
sections;  the  number  3  represents  a  one-quarter  normal-size  leading-edge 
radius;  and  the  number  9  indicates  a  leading-edge  radius  of  three  times 
normal  size.  The  second  number  following  the  dash  indicates  the 
position  of  maximum  thickness  in  tenths  of  the  chord.  Airfoils,  which 
were  derived  in  reference  1,  have  the  position  of  maximum  thickness 
located  at  40,  50,  and  60  percent  chord. 

In  order  to  provide  some  basis  upon  which  to  choose  the  airfoils 
to  be  tested,  theoretical  pressure  distributions  were  calculated  by 
the  methods  of  reference  5  ‘^or  a  group  of  modified  NACA  four-digit— 
series  basic  thickness  forms.  The  results  of  these  calculations  are 
presented  in  figures  1  to  8  for  the  following  airfoil  sections: 


NACA  0010-61)- 
NACA  0010-65 
NACA  0010-66 

NACA  0012-64 

NACA  0008-31)-. 

NACA  0010-34 
NACA  0010-35 

NACA  0012-34 

I 


In  addition  to  pressure  distributions  at  zero  lift,  these  data  include 
incremental  velocity  ratios  from  which  the  pressiire  distribution  at  any 
lift  coefficient  may  be  calculated.  The  method  of  making  this  calculation 
is  described  in  reference  4. 

From  the  data  of  figures  1  to  8,  the  effect  upon  the  press'ure 
distribution  of  variations  in  the  position  of  maximum  thickness  and 
size  of  the  leading-edge  radius  are  clearly  evident.  A  decrease  in 
both  the  peak  negative  pressure  coefficient  and  in  the  variations  of 
pressure  over  the  forward  part  of  the  airfoil  is  effected  by  maintaining 
a  normal— size  leading— edge  radius  and  moving  the  position  of  maximum 
thickness  from  30  (original  position)  to  40  percent  chord  (fig.  2). 
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Fiarther  rearward  movement  of  the  position  of  maximum  thickness,  however, 
appears  to  cause  a  second  peak  in  the  pressure  distrlhution  near  the 
trailing  edge  (figs.  3  and  4)  followed  hy  a  rather  sharp),  undesirable 
pressure  recovery.  With  one-quarter  normal— size  leading-edge  radius, 
the  magnitude  of  the  peak  negative  pressure  coefficient  is  not  changed 
much  but  its  position  is  moved  to  the  rear.  The  change  in  position  of 
minimum  pressure  is  particularly  marked  when  the  position  of  maximum 
thickness  is  moved  from  40  percent  to  50  percent  of  the  chord  (figs.  5 
and  6) .  This  movement  of  the  position  of  maximimi  thickness  decreases 
the  peak  negative  pressure  coefficient  sll^tly  but  results  in  an 
undesirably  large  pressure  recovery  near  the  trailing  edge.  On  the 
basis  of  these  theoretical  data  and  from  a  consideration  of  the  probable 
low-speed  characteristics,  the  MCA  0010—34,  0010— 35,  and  0012-64  basic 
thickness  forms  were  chosen  for  tests.  The  MCA  0010—34  0012-64 

were  also  tested  in  combination  with  a  cambered  mean  line. 

Mean  line.—  In  the  present  investigation,  the  modified  MCA  four- 
digit— series  basic  "thickness  forms  which  were  cambered  e!ip)loyed  the 
MCA  a  =  0.8  (modified)  mean  line  (reference  3),  This  mean  line  is 
designed  to  have  a  uniform  load  distribution  from  the  leading  edge  to 
the  80— percent— chord  station  and  designed  to  be  geometrically  straight 
from  about  85  percent  chord  to  the  trailing  edge.  The  MCA  a  =  0.8 
(modified)  mean  line  was  used  because  the  peak  induced  velocities  added 
by  this  mean  line  to  the  velocities  over  the  basic  thickness  form  are 
less  than  those  associated  with  the  older  mean  lines,  such  as  the 
MCA  230  and  24  mean  line;  and  the  curvatTJre  of  the  airfoil  surfaces 
near  the  trailing  edge  which  results  from  the  use  of  an  MCA  a  =  1.0 
mean  line  is  eliminated. 

Ordinates  and  load— distribution  data  corresponding  to  a  design 
lift  coefficient  of  1.0  are  presented  in  figure  9  for  the  MCA  a  =  0.8 
(modified)  mean  line.  If  the  ordinates  and  load  are  desired  for  a 
design  lift  coefficient  other  than  1.0,  they  may  be  obtained  easily 
by  linearly  scaling  the  values  presented.  The  method  for  combining  the 
pressure-distribution  data  for  the  basic  thickness  forms  and  mean  line 
to  give  the  pressure  distribution  about  a  cambered  airfoil  at  any  lift 
coefficient  is  given  in  reference  4. 

Designation  of  cambered  airfoil  sections.-  The  method  of  designating 
modified  MCA  four— digit— series  airfoil  sections  which  employ  the 
MCA  a  =  0.8  (modified)  mean  line  is  Illustrated  by  the  following 
example: 


MCA  0012-64,  a  =  0.8  (modified),  c^.  =0.2 


This  system  of  numbers  designates  an  MCA  0012-64  basic  thickness  form 
laid  off  on  an  MCA  a  =  0.8  (modified)  mean  line  cambered  for  a 
design  lift  coefficient  of  0.2. 
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Conventi orial  WACA  foui^lglt— Beries  airfoil  sectlona.—  Coii5)lete 
descriptions  of  the  "basic  thickness  forms  and  mean  lines  of  the 
conventional  WACA  fotovdigit— series  airfoil  sections  of  which  three 
were  tested  in  the  present  investigation  may  "be  fonnd  in  references  4 
and  6. 


APPAEATDS  AWD  TESTS 


Wind  timnel.—  The  experimental  investigation  was  made  in  the 
Langley  two-dimensional  low— turhulence  pressure  tunnel.  The  test  section 
of  this  t\jnnel  measures  3  feet  "by  7*5  feet  with  the  models,  when  mounted, 
completely  spanning  the  3~foot  dimension  and  with  the  Juncture  "between 
the  model  and  tunnel  walls  sealed  to  prevent  air  leakage.  Lift  measure¬ 
ments  were  made  hy  taking  the  difference  "between  the  pressure  reaction 
upon  the  floor  and  ceiling  of  the  tunnel,  drag  measurements  were  made  "by 
the  wake-survey  method,  and  pitching  moments  were  determined  with  a 
torque  "balance.  A  more  complete  description  of  the  t\mnel  and  the 
methods  of  obtaining  and  reducing  the  data  are  contained  in  reference  7* 

Models.-  The  ei^t  airfoil  sectlona  for  which  the  experimental 
aerodynamic  characteristics  were  obtained  are: 


MCA  0010-35 
WACA  0010-34 

MCA  0010-34,  a  =  0.8  (modified),  c^^  =  0.2 

WACA  0012 
,  MCA  0012-64 

MCA  0012-64,  a  =  0.8  (modified),  C2^  =  0.2 

MCA  2408 
MCA  2410 


The  models  representing  the  airfoil  sections  were  of  24— inch  chord  and, 
with  the  exception  of  the  8-^ercent— thick  section  which  was  machined 
from  steel,  were  constructed  of  laminated  mahogany .  The  models  were 
sprayed  with  lacquer  and  then  sanded  with  Wo.  4O0  carborundum  paper  until 
aerodynamlcally  smooth  surfaces  were  obtained.  The  ordinates  of  the 
models  tested  are  presented  in  table  I. 

Tests.—  The  tests  of  each  smooth  airfoil  section  consisted  of 
TTieasureTneutfl  of  the  lift,  dreig,  and  quartei>-chord  pitching  moment  at 
Reynolds  numbers  of  3*0  X  10^,  6.0  X  10^,  and  9«0  X  10  .  In  addition, 

the  lift  and  drag  characteristics  of  each  section  were  determined  at  a 

Reynolds  number  of  6.0  X  10^  with  standard  roughness  applied  to  the 
leading  edge  of  the  model.  The  standard  roughness  employed  on  these 
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2U-inch.-chord  models  consisted,  of  0 .  Oil— inch-diameter  carhorundim  grains 
spread  over  a  surface  length  of  8  percent  of  the  chord  hack  from  the 
leading  edge  on  the  upper  and  lower  surfaces .  The  grains  were  thinly 
spread  to  cover  from  5  to  10  percent  of  this  area.  In  an  effort  to 
gain  some  idea  of  the  effectiveness  of  flaps  when  applied  to  these 
airfoils,  each  airfoil  was  fitted  with  a  0.20c  simulated  split  flap 
deflected  60°.  Lift  measurements  were  made  at  a  Eeynolds  number  of 
6.0  X  10^  with  the  split  flap,  with  the  airfoil  leading  edge  both 
smooth  and  rou^. 


EESNLTS 


The  results  obtained  from  tests  of  the  eight  airfoil  sections 
are  presented  (figs.  10  to  I7)  as  plots  of  standard  aerodynamic 
coefficients  representing  the  lift,  drag,  and  quarter-chord  pitching- 
moment  characteristics  of  the  airfoil  sections,  The  position  of  the 
aerodynamic  center,  as  determined  from  the  experimental  results, 
and  the  variation  of  the  pitching-moment  coefficient  about  this  point 
are  also  included.  The  influence  of  the  tunnel  boundaries  has  been 
removed  from  all  the  aerodynamic  data  by  means  of  the  following 
equations  (developed  in  reference  7) : 


ca.  =  0.990  C4* 

Oi  =  0.973  Cl* 

°^c/4  "  °-^51  Cmc/4t 

=  1.015  tto’ 


where  the  primed  quantities  represent  the  measured  coefficients. 


DISCUSSION 


The  discussion  is  primarily  concerned  with  an  analysis  of  the 
effects,  as  shown  by  tests  of  the  five  modified  NACA  fotar-digit-series 
airfoil  sections,  of  variations  in  the  leading-edge  radius  and  position 
of  maximum  thickness  upon  the  aerodynamic  characteristics.  In  this 
analysis,  frequent  use  is  made  of  cross  plots  (figs.  18  to  2l)  showing 
the  characteristics  of  the  modified  sections  as  compared  with  those  of 
the  conventional  NACA  four-digit— series  sections  and  NACA  6— series 
low-drag  sections.  The  comparative  results  for  the  NACA  6-seriea  and 
four-digit— series  sections  are  shown  in  the  form  of  curves  representing 
faired  data  taken  from  reference  i|-,  whereas  the  results  of  the  present 
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investigation  appear  in  the  cross  plots  as  experimental  points. 

Little  mention  is  made  of  the  results  obtained  for  the  three  conventional 
NACA  four-digit-series  sections  tested  inasmuch  as  they  follow  closely 
the  trends  indicated  in  reference  4  for  this  series  of  airfoil  sections. 


Drag 

Minimum  drag.—  The  previously  mentioned  Influence  upon  the  pressure 
gradients  over  the  forward  part  of  the  airfoil  of  a  reduction  in  size 
of  the  leading-edge  radius  and  a  rearward  movement  of  the  position  of 
maximimi  thickness  has,  as  mlgjit  he  expected,  a  favorable  effect  upon 
the  value  of  the  minimum  drag  coefficient.  An  Indication  of  the 
magnitude  of  this  effect  may  be  gained  from  figure  18,  which  shows 
the  minimum  section  drag  coefficient  corresponding  to  a  Reynolds 
number  of  6.0  X  10^  as  a  function  of  airfoil  thickness  ratio  for  the 
five  modified  NACA  foua>-dlglt  series  airfoils,  for  the  conventional 
NACA  four-digit  series,  and  for  the  NACA  64—  and  66-3erles  low-drag 
airfoils . 

In  the  smooth  condition,  the  minimum  drag  of  the  10-percent— thick 
airfoils  having  leading-edge  radii  of  one— quarter  normal  size  and 
maximum  thickness  at  40  and  50  percent  chord  was  of  the  same  order, 
respectively,  as  that  obtained  for  NACA  64—  and  66-i3erlea  low-drag 
airfoils  of  comparable  thickness.  This  similarity  in  drag  indicates 
the  existence  of  considerable  laminar  flow  over  the  airfoil  surfaces. 

The  small,  though  rather  extensive,  positive  pressure  gradient,  which 
occurs  over  the  surfaces  of  the  12— percent— thick  airfoils  having 
leading-edge  radii  of  normal  size  and  maximum  thickness  at  40  percent 
chord,  gives  rise  to  a  minimum  "drag  coefficient  which  lies  between 
those  of  the  NACA  64-serles  low-drag  section  and  NACA  fo\ur-dlglt-eerles 
section  of  comparable  thickness.  The  addition  of  the  NACA  a  =  0.8 
(modified)  mean  line  to  the  NACA  0010—34  and  0012—64  basic  thickness 
forms  does  not  appreciably  affect  the  value  of  the  minimum  drag 
coefficient.  The  faired  data  of  reference  4,  which  are  presented 
in  figure  18,  indicate  that  airfoil  thickness  form  and  mean  line  have 
little  effect  upon  the  value  of  the  minimum  drag  coefficient  when  the 
airfoil  leading  edges  are  in  the  rough  condition;  and  the  results  of 
the  present  investigation  (fig.  I8)  follow  the  same  trend. 

The  airfoil  basic  thickness  distribution  appears  to  have  a 
marked  effect  upon  the  manner  in  which  the  minimum  drag  coefficient 
varies  with  Reynolds  number  (figs.  10  to  l4) .  The  controlling  action 
of  the  airfoil  pressure  distribution  upon  the  extent  to  which  the  opposite 
effects  of  a  thinning  boundary  layer  and  a  forward  movement  of  the 
point  of  transition  balance  each  other  as  the  Reynolds  nimiber  is  Increased 
suggests  itself  as  a  possible  explanation.  Some  Insight  into  the 
mechanism  by  which  the  airfoil  pressure  distribution  Influences  the 
movement  of  the  transition  point  with  Reynolds  number  may  be  gained 
from  the  theoretical  work  of  Schlichting  and  Ulrich  (reference  8)  . 
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The  resiilta  of  this  work  show  the  existence  of  a  critical  hotindary— 

layer  Reynolds  number  Ra  above  which  the  laminar  boundary 

crit 

layer  is  no  longer  stable  and  may  become  turbulent.  Furthermore,  the 
value  of  the  critical  boundary-layer  Reynolds  number  is  shown  to 
decrease  rapidly  and  the  laminar  bomdary  layer  to  become  increasingly 
xuistable  as  the  pressure  gradient  along  the  surface  becomes  positive. 

In  the  presence  of  an  unfavorable  pressure  gradient,  the  transition 
point  is,  therefore,  most  likely  to  move  rapidly  forward  once  the 
critical  boundary— layer  Reynolds  number  has  been  reached. 

In  consideration  of  the  ideas  of  Schlicting  and  Ulrich  in  relation 
to  the  increase  of  minimum  drag  with  Reynolds  number  shown  by  the 
MCA  0012—64  section  (fig.  13)j  the  unfavorable  pressure  gradient 
over  this  airfoil  (fig.  8)  would  seem  to  be  responsible  for  a  rapid 
forward  movement  of  transition  which  overbalances  the  normal  thinning 
of  the  boundary  layer  and  consequent  reduction  in  drag  that  usually 
accompany  an  increase  in  Reynolds  number.  On  the  other  hand,  the 
MCA  0010-34  (fig.  10)  and  MCA  OOIO-35  (fig.  12)  airfoils  which 
possess  more  favorable  pressure  gradients  have  a  negligible  scale 
effect  between  Reynolds  numbers  of  3.O  x  10^  and  9.0  x  10^.  This 
fact  Indicates  that  the  opposite  effects  of  a  thinning  boundary  layer 
and  a  forward  movement  of  transition  nearly  counterbalance  each  other. 

The  uniformly  favorable  influence  upon  the  minimum  drag  of  MCA  6-^eries 
sections  of  increasing  the  Reynolds  number  from  3.O  x  10^  to  9.0  x  10^ 
indicates  that  these  airfoil  sections,  which  have  marked 

negative  pressure  gradients,  is  sufficiently  high  so  that  no  appreciable 
forward  movement  of  transition  occurs  between  these  Reynolds  numbers; 
and,  thus,  the  favorable  effect  of  a  thinning  boundary  layer  predominates 

Low-drag  range.-  The  range  of  lift  coefficients  over  which  low 
drag  is  obtained  and  the  manner  in  which  this  range  varies  with  Reynolds 
number  are  about  the  same  for  the  MCA  0010—34  and  0010— 35  airfoil 
sections  (figs.  10  and  12)  as  for  the  MCA  6-serles  sections  of 
comparable  thickness  (reference  4).  The  low-drag  range  for  the 
MCA  0012-64  section  (fig.  I3),  however,  is  quite  small  at  a  Reynolds 

number  of  3.0  x  10^  and  is  practically  nonexistent  at  a  Reynolds 
number  of  9.O  X  lO^.  The  more  positive  pressure  gradients  on  the 
MCA  0012-64  section  are  probably  responsible  for  the  behavior  of 
the  low-drag  range  on  this  airfoil  section. 

The  relationship  between  the  drag  and  lift  outside  the  low-drag 
range  of  lift  coefficients  is  about  the  same  for  the  MCA  0010-34  and 
MCA  0012—64  airfoils,  both  cambered  and  uncambered,  as  for  the 
MCA  6k — series  low— drag  sections  of  comparable  thickness;  a  somewhat 
less  marked  correspondence  exists  between  the  drag  characteristics 
of  the  KACA  0010—35  section  and  a  comparable  M.CA  66— series  low— drag 
section.  These  comparisons  are  valid  for  the  airfoils  in  both  the 
smooth  and  rough  conditions. 
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Lift-curve  slope.—  Eearward  movement  of  the  position  of  mfoclmum 
thickness  of  the  WACA  four-digit-^eries  sections  is  accompanied  hy  an 
increase  in  traillng-edge  angle.  In  accordance  -with  previous  experimental 
work  (references  9  and  10),  the  lift-curve  slope  decreases  with  increasing 
trailing-edge  angle.  The  results  of  the  present  investigation  (fig.  19) 
for  the  10— percent— thick  and  12— percent>-thick  sections  having  maximum 
thickness  at  various  positions  indicate  the  same  trend,  with  the  greatest 
decrease  in  the  lift-curve  slope  "being  about  16  percent. 

From  theoretical  considerations,  the  lift-curve  slope  should 
increase  with  increasing  airfoil  thickness  ratio;  and  the  comparative 
data  from  reference  4  (fig.  19)  for  WACA  64— series  low-drag  sections, 
which  have  very  small  tralling-edge  angles,  indicate  that  such  is  the 
case.  If,  however,  the  trailing-edge  angle  is  large  and  increases 
rapidly  with  increasing  airfoil  thickness  ratio,  the  theoretical 
increase  in  lift-curve  slope  with  thickness  will  be  overbalanced  by 
the  opposite  effect  of  increasing  trailing— edge  angle.  The  WACA 
four-digit  series  sections,  data  for  which  are  presented  in  figure  19, 
have  this  characteristic.  Since,  with  increasing  thickness,  the  trailing- 
edge  angles  of  the  modified  WACA  four-dlglt-series  sections  become 
progressively  larger  than  those  of  the  conventional  WACA  four-dlgit-aerles 
sections,  a  more  rapid  decrease  in  lift-curve  slope  with  increasing 
thickness  woiold  be  expected  for  these  modified  airfoils.  The  amount 
of  data  available  for  the  modified  WACA  four-digit-series  sections  does 
not  appear  to  be  sufficient,  however,  to  define  adeq.uately  this  trend 
or  to  permit  any  definite  statements  as  to  the  relative  effects  of 
roughness  on  the  lift-curve  slopes  of  the  modified  and  conventional 
WACA  four-digit— series  sections. 

Angle  of  zero  lift.—  There  appears  to  be  no  appreciable  difference 
in  the  section  angles  of  zero  lift  of  the  WACA  0010—34  and  WACA  0012—64 
airfoil  sections  cambered  with  the  WACA  a  =  0.8  (modified)  mean 
line  (figs.  11  and  14) .  The  values  are  slightly  more  negative  than 
those  predicted  from  the  theoretical  mean-line  data  presented  in 
figure  9  but  agree  q.uite  well  with  the  experimental  values  obtained 
for  cambered  WACA  6A— series  airfoil  sections  employing  the  WACA  a  =  0.8 
(modified)  mean  line  (reference  3) • 

Maximum  lift.-  Some  idea  of  the  effect  upon  the  maximum  lift 
coefficient  of  variations  of  the  position  of  maximum  thickness  and 
leading-edge  radius  may  be  gained  from  figure  20.  This  figure  shows 

the  maximum  section  lift  coefficients  (E  =  6.0  X  10^)  for  the 
modified  WACA  fouTMilgit-series  airfoils  as  a  function  of  airfoil 
thickness  ratio,  with  comparative  data  from  reference  4  for 
WACA  64-serles  low-drag  airfoils.  As  mi^t  be  expected  from 
previous  investigations,  the  lowest  maximum  lift  coefficients 
were  obtained  for  the  airfoils  having  one-q.uarter  normal-size 
leading-edge  radii.  The  maximum  lift  coefficients  of  the  two 
symmetrical  sections  (WACA  0010—34  and  0010— 35)  about  the  same 

and  do  not  appear  to  vary  as  the  leading— edge  condition  is  changed 
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from  smooth  to  rou^.  These  results  show  that  If  the  leading  edge  is 
sufficiently  sharp,,  the  usual  important  Influence  of  surface  condition 
is  negligihle.  The  extremely  low  value  of  the  maximum  lift  obtained 
imder  these  conditions  is  shown  by  comparison  with  results  for  the 
MCA  6^-010  section.  The  maximum  lift  coefficients  of  the  two  modified 
NACA  four-dlglt-series  sections  are  about  35  percent  lower  than  that 
of  the  NACA  6iH-0l0  section  in  the  smooth  condition  and  about  15  percent 
lower  when  the  leading  edges  of  the  airfoils  are  rough.  The  increment 
in  maximum  lift  caused  by  cambering  the  NACA  0010—34  section  is  about 
the  same  as  that  observed  for  the  addition  of  approximately  the  same 
amount  of  camber  to  the  NACA  64-010  section.  Even  with  camber,  the 
maximum  lift  of  the  NACA  0010— 34  section  la  about  23  percent  lower 
than  that  of  the  NACA  64—010  section;  but  with  rou^  leading  edge,  the 
NACA  64-010  section  has  a  maximum  lift  coefficient  which  is  about  the 
same  as  that  of  the  cambered  NACA  0010—34  section. 

The  maximum  lift  of  the  three  airfoils  having  one-guarter  normal— 
size  leading-edge  radii  with  smooth  leading  edges  and  equipped  with 
0.20c  split  flaps  deflected  60^,  more  nearly  approaches  that  of 
NACA  64— series  low-drag  sections  of  corresponding  thiclcness  and  camber. 

The  decrement  in  maximum  lift  coefficient  caused  by  leading-edge 
roughness  is,  however,  so  small  for  these  three  sections  that  in 
the  rough  condition  the  maximum  lift  of  the  three  modified 
MCA  four-digit-series  sections  is  as  good  as  or  better  than  that 
of  corresponding  NACA  64— series  airfoils. 

Moving-  the  position  of  maxim'um  thickness  from  30  percent  to  40  percent 
chord  while  maintaining  a  normal-size  leading— edge  radius  reduces  the 
maximum  lift  coefficient  of  tha  plain  airfoil  about  15  percent,  as 
shown  by  the  comparative  data  for  the  NACA  0012  and  NACA  0012—64  sections. 
Clearly  Illustrated  here  is  the  Important  point  that  a  reduction  in 
thickness  of  the  airfoil  near  the  leading  edge,  such  as  occurred  in 
this  case,  has  a  definitely  adverse  effect  upon  the  maximum  lift 
coefficient  although  the  leading— edge  radius  Itself  may  not  be  decreased. 
The  maximum  lift  coefficients  of  the  cambered  and  symmetrical  NACA 
0012-64  airfoil  sections  in  both  the  smooth  condition  .and  with  standard 
leading-edge  roughness  are  nearly  the  same  as  those  of  the  corresponding 
cambered  and  symmetrical  NACA  64— series  low-drag  sections  (fig.  20). 

The  value  of  the  maximum  lift  coefficient  presented  in  figure  20 
for  the  NACA  0012-64  section  is  about  13  percent  lower  than  that 
indicated  by  tests  of  the  same  airfoil  in  the  NACA  Yariable-Denslty 
Wind  Tunnel  (reference  2) .  The  value  obtained  in  the  present  investi¬ 
gation;  however,  wajs  very  carefully  checked  and  is  believed  to  be 
correct.  The  discrepancy  between  the  values  obtained  in  the  two  tunnels 
may  possibly  have  been  caused  by  turbulence  effects  not  fully  accounted 
for  on  this  sensitive  airfoil  by  the  effective  Eeynolds  number  correction 
applied  to  the  Yarlable-Density  Wind-Tunnel  results. 
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The  results  presented  in  figure  20  show  that^  in  the  smooth 
condition  at  leasts  the  majcimum  lift  coefficients  of  the  camhered  and 
symmetrical  NACA  0012-64  airfoil  sections^  when  eq^uipped  with  0.20c 
split  flaps  deflected  60^,  are  somewhat  higher  than  those  of  corre¬ 
sponding  NACA  64— series  sections.  This  result  may  he  explained  hy 
the  fact  that  the  trailing— edge  angle  of  the  NACA  0012-64  airfoil  is 
larger  than  that  of  the  NACA  64—012  airfoil  since  the  experimental 
results  presented  in  reference  3  indicate  a  slight  improvement  in 
the  maximum  lift  of  MCA  6-serle3  sections  with  split  flaps  when  the 
tralllng-edge  cusp  is  removed.  The  results  for  the  cambered  and 
symmetrical  MCA  0012—64  airfoil  with  rough  leading  edges  do  not  form 
a  consistent  comparison  with  results  for  the  NACA  64-serles  sections* 

In  neither  case^  however^  is  the  modified  NACA  four-digit-series  section 
worse  than  the  coiresponding  NACA  64-series  airfoil. 

Between  Eeynolds  numbers  of  3*0  X  106  and  9*0  x  10^^  none 
of  the  modified  MCA  four— digit— series  sections  show  any  appreciable 
scale  effect  on  maximum  lift. 


Pitching  Moment 

Quarter-chord  point,-  The  two  airfoils  cambered  with  the 
NACA  a  =  0.8  (modified)  mean  line  have  quarter— chord  pitching 

moments  (figs.  11  and  l4)  which  agree  closely  with  those  predicted  • 

from  the  theoretical  pitching-moment  data  (fig.  9)  • 

Aerodynamic  center.—  The  chordwlse  position  of  the  aerodynamic 
center  for  the  modified  MCA  four-digit— series  sections  is  shown  in 
figure  21  as  a  function  of  airfoil  thickness  ratio^  together  with 
similar  data  taken  from  reference  4  for  the  conventional  NACA 
four-digit-series  sections  and  the  NACA  64— series  low-drag  sections. 

The  forward  movement  of  the  aerodynamic  center  which  is  seen  to 
accompany  rearward  movement  of  the  position  of  maximum  thickness  on 
the  modified  NACA  four— digit-series  sections  is  in  agreement  with 
the  trends  of  reference  11  which  show  that  such  a  forward  movement 
follows  an  Increase  in  trail ing-edge  angle.  Theoretical  considerations 
indicate  a  rearward  movement  of  the  aerodynamic  center  with  Increasing 
airfoil  thickness  ratio^  and  the  data  for  MCA  64— series  sections 
follow  this  trend;  but  the  effect  of  Increasing  trailing-edge  angle 
predominates  in  the  case  of  the  conventional  NACA  fow-digit— series 
sections  as  evidenced  by  the  forward  movement  of  the  aerodynamic  center. 

(See  fig.  20.)  Since  the  trailing-edge  angles  of  the  modified  NACA 

four-digit^eries  sections  become  progressively  larger  with  increasing  ^ 

airfoil  thickness  than  those  of  the  conventional  NACA  four-dlgit-serles 

sections,  a  more  pronounced  forward  movement  of  the  aerodynamic 

center  with  increasing  thickness  would  be  expected  for  these  airfoil 

sections;  and  the  comparative  results  for  the  NACA  0012—64  and 

0010—34  sections  seem  to  show  this  trend. 
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CQNCLTJBIONS 


Based  upon  a  tvo-dlmensional  invest Igation  of  the  aerodynamic 
characteristics  of  five  modified  MCA  four-digit-^series  airfoil  sections 

at  Reynolds  numbers  from  3.O  x  10^  to  9.0  x  10^^  the  following 
conclusions  may  he  drawn: 

1.  The  maximum  lift  characteristics  of  the  airfoil  sections 
having  normal-slze  leading-edge  radii  and  a  maximum  thickness  of 

12  percent  chord  located  at  kO  percent  chord  very  closely  approximated 
those  of  MCA  64'-serles  low— drag  sections  of  corresponding  thickness 
and  camher. 

2.  The  maximum  lift  coefficients  of  the  10— percent— thick  airfoils 

with  one-quarter  normal— size  leading-edge  radii  and  maxim-om  thickness 
located  at  kO  and  50  percent  chord  were  about  35  percent  lower  than 
those  of  smooth  MCA  6^1— series  sections  of  corresponding  thickness 
and  camher.  For  airfoils  equipped  with  2O-^0rcent-chord  split  flaps 
deflected  the  maximum  lift  of  the  airfoils  with  one— quarter  normal- 

size  leading-edge  radii  more  nearly  approached  that  of  MCA  64-Berles 
airfoils.  Roughness  had  no  appreciable  effect  upon  the  maximum  lift 

of  these  airfoils. 


3.  The  minimum  drag  coefficients  of  the  airfoils  with  maximum 
thickness  at  40  percent  chord  and  normal— size  leading-edge  radii  were 
higher  than  those  of  the  corresponding  MCA  64— series  sections. 
Reducing  the  leading-edge  radius  to  one— quarter  normal  size  and 
moving  the  position  of  maximum  thickness  to  40  and  50  percent  chord 
caused  the  minimum  drag  coefficients  to  he  reduced  to  values  about 
the  same  as  those  for  corresponding  MCA  64—  and  66— aeries  sections^ 
respectively. 

4.  Increases  in  the  trailing— edge  angle  resulting  from  rearward 
movement  of  the  position  of  maximum  thickness  caused  sharp  decreases 
in  the  lift— curve  slope  and  pronounced  forward  movements  of  the 
aerodynamic  center. 
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National  Advisory  Committee  for  Aeronautics 
Langley  Field,  Va.,  October  1,  19hj 


NACA  TW  No.  1591 


14 


% 


EEFERENCES 


1.  Stack,  Jolm,  and  von  Doenhoff,  Albert  E.:  Teats  of  16  Related 

Airfoils  at  Hi^  Speeds.  NACA  Eep.  No.  1-92,  193^* 

2.  Jacobs,  Eastman  N.,  Pinkerton,  Robert  M.,  and  Greenberg,  Harry: 

Tests  of  Related  Forward-Camber  Airfoils  in  the  Variable- 
Density  Wind  Tunnel.  NACA  Rep.  No.  6IO,  1937* 

3.  Loftin,  Laurence  E.,  Jr.:  Theoretical  and  Experimental  Data  for 

a  Number  of  NACA  6A-Seriea  Airfoil  Sections.  NACA  TN  No.  I368, 

19^1. 

1)-.  Abbott,  Ira  H.,  von  Doenhoff,  Albert  E.,  and  Stivers,  Louis  S.,  Jr.: 
Summary  of  Airfoil  Data.  NACA  ACE  No.  L5CO5,  19^5. 

5.  Theodorsen,  Theodore:  Theory  of  Wing  Sections  of  Arbitrary  Shape. 

NACA  Rep.  No.  4ll,  1931. 

6.  Jacobs,  Eastman  N.,  Ward,  Kenneth  E.,  and  Pinkerton,  Robert  M.: 

The  Characteristics  of  78  Related  Airfoil  Sections  from  Tests 
in  the  Variable-Density  Wind  Tunnel.  NACA  Rep.  No.  460,  1933* 

7.  von  Doenhoff,  Albert  E.,  and  Abbott,  Frank  T.,  Jr.:  The  Langley 

Two-Dimensional  Low— Turbulence  Pressure  Tunnel.  NACA  TN  No.  1283, 

1947. 

8.  Schlichting,  H.,  and  Dlrich,  A.:  Zur  Berechnung  des  Umschlages 

laminar  turbulent.  Jahrb.  1942  der  deutschen  Luftfahrtforschung, 
E.  Oldenbourg  (Munich),  pp.  I  8  —  I  35. 

9.  Purser,  Paul  E.,  and  McKee,  John  W.:  Wind-Tunnel  Investigation 

of  a  Plain  Aileron  with  Thickened  and  Beveled  Trailing  Edges 
on  a  Tapered  Low-Drag  Wing.  NACA  ACR,  Jan.  1943 i 

10.  Jones,  Robert  T.,  and  Ames,  Milton  B.,  Jr.:  Wind-Tunnel  Investi¬ 

gation  of  Control-Surface  Characteristics.  V  —  The  Use  of  a 
Beveled  Trailing  Edge  to  Reduce  the  Hinge  Moment  of  a  Control 
Surface.  NACA  ARE,  March  1942. 

11.  Purser,  Paul  E.,  and  Johnson,  Harold  S.:  Effects  of  Tralling-Edge 

Modifications  on  Pitching-Moment  Characteristics  of  Airfoils. 

NACA  CB  No.  L4130,  1944. 


MCA  ™  No.  1591 


15 


TABLE  I 

ORDINATES  OP  NACA  AIRFOIL  SECTIONS  TESTED 


NACA  OOIO-3I4. 


Stations  and  ordinates  given  In 
percent  of  airfoil  chord] 


Upper  Surface 

Lower  Surface 

1 

Station 

Ordinate 

Station 

Ordinate 

0 

0 

0 

0 

•75 

.75 

“.714 

1.25 

1.25 

-.944 

2*5 

1.400 

2.5 

-1.400 

5.0 

2.078 

5.0 

-2.078 

7.5 

2.611 

7.5 

-2.611 

10 

3.ol4t 

10 

-5.044 

15 

5.7^ 

15 

-3.744 

20 

4.244 

20 

-4.244 

po 

4.855 

po 

-4.833 

40 

5.000 

40 

-5 . 000 

50 

4.856 

50 

-4.856 

60 

4.453 

60 

-4.455 

P 

5.733 

-5.735 

SO 

90 

2.767 

^•556 

80 

90 

-2.767 

-1.556 

95 

.856 

95 

-,856 

100 

.100 

100 

-.100 

L*E*  radius#  0,2Y2 

NACA  0012-64 


[stations  and  ordinates  given  in 
percent  of  airfoil  chord] 


upper  Surface 

Lower  Surface 

Station 

Ordinate 

Station 

Ordinate 

0 

0 

0 

0 

1.25 

1.815 

1.25 

-1.813 

2.5 

2.453 

2.5 

-2.455 

5.0 

5.267 

5.0 

-5.267 

7.5 

5.313 

7.5 

-5.813 

10 

4.%o 

10 

-4.^0 

15 

4.w7 

15 

-4.^7 

20 

5.295 

20 

“5.295 

50 

5.827 

50 

-5.827 

40 

6.000 

40 

-6.000 

50 

5.827 

50 

-5.827 

60 

5.320 

60 

-5.520 

70 

4.480 

70 

-4.480 

80 

5.320 

80 

-5.520 

90 

1.867 

90 

-1.867 

95 

1.027 

95 

-1.027 

100 

.120 

100 

-.120 

L.E.  radius s  1«5^^ 

NACA  0010-34 

a  »  O.S  (modified),  *  0,2 


[stations  and  ordinates  given  in 
percent  of  airfoil  chord] 


Upper  SiiTface 

Lower  Surface 

Station 

Ordinate 

Station 

Ordinate 

0 

0 

0 

0 

.687 

.790 

.815 

-.652 

1.176 

1.062 

1.324 

-.820 

1.608 

2.456 

2.593 

5.113 

-1.186 

-1.714 

7.37S 

5.094 

7.622 

-2.122 

3.657 

10.125 

-2.445 

-2.^1 

4.523 

15.124 

19.886 

5.172 

20.114 

-3.512 

29.917 

5.960 

30.085 

-3.684 

59.955 

§•273 

4o.o45 

-5.721 

49.994 

6.186 

50.006 

-3.526 

60.031 

5.735 

59.969 

-5.151 

70.064 

4.915 

69.956 

-2.549 

80.100 

3.700 

79.900 

-I.83Q 

90.076 

2.o44 

^9.924 

94.956 

-1.064 

95.042 

1.100 

-.610 

100.000 

.100 

100.000 

-.100 

L.E.  radius:  0.272 

Slope  of 

radius  through  L.E.: 

0.095 

NACA  0012-64 

a  *  O.S  (modified),  »  0. 2 


[stations  and  ordinates  given  in 
percent  of  airfoil  chord] 


Upper  Siirface 

Lower  Surface 

Station 

Ordinate 

Station 

Ordinate 

0 

0 

0 

0 

1.107 

1.928 

-1.686 

2.536 

2.659 

2 .004 

-2.257 

4.825 

3.625 

-2.901 

7.522 

4.295 

-5.325 

4.852 

5.645 

10.175 
15.161  ■ 

-5.640 

-4.085 

19.858 

6.221 

20.142 

-4.361 

29.900 

6.974 

50.100 

-4.678 

39.946 

7.279 

40.054 

-4.721 

49.993 

7.157 

50.007 

-4.497 

-4.018 

60.038 

6.622 

59.962 

70.077 

5.662 

69.925 

-3.296 

So. 120 

4.255 

79.880 

-2.383 

90.091 

2.355 

89.909 

-1.375 

-.781 

95.050 

1.271 

94.950 

100.000 

.120 

100.000 

-.120 

L.E.  radius:  I.582 

Slope  of  radius  through  L.E.: 

0.095 
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TABLE  I  -  Concluded 

ordinates  of  naga  airfoil  sections  tested 


NACA  0010-35 


NACA  0012 


[Stations  and  ordinates  given  In 
percent  of  airfoil  chord] 


Upper  Surface 

Lower  Surface 

Station 

Ordinate 

Station 

Ordinate 

0 

0 

0 

0 

.75 

1.25 

'.a 

.75 

1.25 

::a 

2.5 

2.5 

.1.267 

5.0 

7.5 

1.8^ 

2.289 

5.0 

7.5 

-1.8^ 

-2.289 

10 

2.667 

10 

-2.667 

15 

5.289 

15 

-3.289 

20 

JO 

20 

JO 

■m 

40 

4.^8 

40 

-4.878 

50 

5.000 

50 

-5.000 

60 

4.867 

60 

-4.867 

4.589 

-4.389 

So 

5.500 

So 

.3.500 

90 

2.100 

90 

-2.100 

95 

1.178 

95 

-1.178 

100 

.100 

100 

-.100 

L«E«  radl\ia:  0.272 


[Stations  and  ordinates  given  In 
percent  of  airfoil  chord] 


Upper  Surface 

Lower  Surface 

Station 

Ordinate 

Station 

Ordinate 

0 

0 

0 

0 

1.25 

1.894 

1-25 

-1.894 

2.5 

2.615 

2.5 

-2.615 

5.0 

5.555 

5.0 

-5.555 

7.5 

4.200 

7-5 

-4.200 

10 

4.683 

10 

4^.683 

15 

5.545 

15 

-5.545 

20 

5.758 

20 

-5.758 

25 

5.941 

25 

-5.941 

JO 

6.002 

JO 

-6.002 

40 

5.803 

40 

-5.803 

50 

J.294 

50 

-J.294 

60 

m 

60 

■illl 

So 

2.625 

So 

-2.625 

90 

1.448 

90 

-1.448 

95 

.807 

95 

-.807 

100 

.126 

_ 

100 

-.126 

L.E.  radius:  I.58 


NACA  2i|.08 


NACA  2^10 


[Stations  and  ordinates  given  In 
percent  of  airfoil  chord] 


[Stations  and  ordinates  given  In 
percent  of  airfoil  chord] 


Upper  Surface 

Lower  Svirface 

Station 

Ordinate 

Station 

Ordinate 

0 

0 

0 

0 

1.128 

1.380 

1.572 

-1.154 

2.357 

4.794 

1.977 

2.829 

2.665 

5.206 

7.275 

5.471 

7.727 

-2.111 

1^^778 

19.809 

m 

10.232 

15.222 

-2.257 

-2.358 

5.520 

20.191 

-2.320 

24.852 

5.677 

25.148 

-2.239 

29.900 

JO. 100 

-2.125 

40,000 

40.000 

-1.869 

50.039 

49.961 

-1.585 

60.068 

4.820 

59.952 

-1.264 

70.081 

69.919 

-.942 

So. 078 

79.922 

-.656 

90.054 

95.033 

1.575 

89.946 

94.967 

-.555 

100.000 

.084 

100.000 

-.084 

L.E.  radius:  O.70 

Slope  of  radius  through  L.E. 

0.1 

Upper  Surface 


Lower  Surface 


Station  Ordinate 


Station  Ordinate 


0 

1.098 

2.297 

4.742 

7.217 

9.710 

14.722 

29.375 

40.000 

50.049 

60.085 

70.102 

So. 097 
90.067 
95.041 

100.000 


0 

1.694 

2.411 

;I8 

6.276 

6.668 

6.875 

t-M 

5. 580 

4.551 

1.816 

.990 

.105 


0 

1.402 

2.70J 

5.2s8 

7.785 

10.290 

15.278 

20.259 

25.186 

50.125 

40.000 

49.951 

79.905 

S9.955 

94.95^ 

100.000 


0 

.l.J|48 

-1.927 

-2.482 

-2.809 

-3.016 

-3.227 

-5.276 

-5.230 

-3.125 

-2.024 

-1.551 

.1.074 

-.594 

-.352 

-.105 


L.£.  radius:  1.10 

Slope  of  radius  through  L.E. :  0.1 
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x/c 


X 

(percent  c) 

y 

(percent  c) 

(vA)^ 

vA 

av^A 

0 

1.25 

2.5 

0 

.756 

1.120 

0 

.917 

1.025 

0 

.958 

1.011 

It.  859 

41^ 

5.0 

1.662 

1.092 

1.046 

.691 

7.5 

10 

2.089 

2.456 

1.137 

1. 162 

1.066 

1.078 

15 

2.996 

1.188 

1.090 

.387 

20 

3.396 

1.206 

1.09a 

.326 

^0 

3.867 

1.217 

1.105 

.2)  1-8 

40 

4.000 

1.202 

1.096 

.197 

50 

3.884 

1.185 

1.089 

.157 

60 

3.547 

1.165 

1.079 

.12^ 

2.987 

1.127 

1.062 

.100 

60 

2.215 

1.067 

1.053 

.074 

90 

.993 

.996 

.047 

99 

.932 

.965 

.051 

100 

.080 

0 

0 

0 

L.E.  radius;  0,174  percent  c 

Figure  1.-  NAOA  0008-54  basic  thickness  form. 
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x/c 


(percent  c) 


(percent  c) 


(vA)' 


vA 


AVaA 


1.25 

2.5 

5.0 

7.5 
10 
15 
20 

fo 

11 

90 

95 


0 

1.511 

z,ohh 

2.722 

3.178 


I 


.553 

.056 
l+.Ui 
4.956 
5.000 

il:.^r3 

3.733 

2.767 


0 

1.108 

1.277 

1.269 

1.261 

1.248 

1.244 

1.242 

1.251 

1.211 

1.155 

1.O89 

.980 

.912 


0 

1.053 

1.116 

1.134 

1.150 

1.127 

1.123 

1.117 

1.116 

1.115 

1.110 

1.101 

1.074 

1.043 

.990 

.955 


.193 

.155 

.126 

.098 

.072 

.045 

.050 


100 


.100 


0 


0 


L.E.  radius;  1.10  percent  c 


Figure  2.-  NACA  0010-64  basic  thickness  form. 
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X 

(percent 


(percent  c) 


(v/V)2 


v/V 


Ava/V 


0 

1.25 

2.5 

5.0 

7.5 
10 
15 
20 
lO 
.0 
,0 
lO 
70 
80 
9.0 
95 
100 


i-m 

2.589 

2.989 

5.500 

3.000 

L.867 

1^.389 

5.500 

2.100 

1.178 

.100 


0 

1.068 

1.128 

1.127 

1.119 

1.112 

1.101 

1.095 

1.094 

1.101 

1.109 

1.111 

1.107 

1.085 

1.024 

.957 

0 


L.E.  radius:  1.10  percent  c 


Figure  5.”  NAGA  OOIO-65  basic  thickness  foiro. 
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Figure  NAGA  0010-66  basic  thickness  fonn. 
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X 

(percent  c ) 

y 

(percent  c) 

iv/vf 

v/V 

AVaA 

0 

0 

0 

0 

5.857 

1.25 

.9IU4 

.892 

.944 

1.282 

2.5 

1.400 

1.011 

1.005 

.950 

5.0 

2.078 

1.115 

1.0^ 

.688 

7.5 

2.611 

1.167 

1.080 

.56k 

10 

5.044 

1.200 

1.095 

.486 

15 

5.7^ 

1.258 

1.115 

.589 

20 

4,244 

1.256 

1.121 

.527 

4.855 

1.265 

1.124 

.249 

40 

5.000 

1.255 

1.119 

.197 

50 

4.856 

1.255 

1.111 

.159 

60 

4.455 

1.205 

1.098 

.127 

5.755 

1.157 

1.076 

.100 

80 

2.767 

1.089 

1.044 

.075 

90 

.990 

.995 

.045 

95 

.856 

.910 

.954 

.050 

100 

.100 

0 

0 

0 

L.E.  radius:  0,272  percent  c 

Figure  5.-  NACA  0010-514-  basic  thickness  form. 
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0  *2  *8  1«0 

x/c 


X 

(percent  c) 

,  7 

(percent  c) 

(vA)^ 

0 

1.25 

2.5 

5.0 

7.5 

10 

15 

20 

It 

50 

60 

It 

90 

95 

100 

0 

.878 

1.267 

i.ai^ 

2.289 
2.667 

5.289 

4.878 

5.000 

4.867 

4.589 

3.500 

2,100 

1.178 

.100 

0 

.954 

1.052 

1.0O7 

1.122 

1.141 

1.172 

1.194 

1.2lJ^ 

1.229 

1.235 

1.240 

1.227 

1.176 

i.o46 

.920 

0 

0 

.977 

1.016 

1.045 

1.059 

1.068 

1.085 

1.093 

1.102 

1.109 

1.111 

1.114 

I.ICW 

1.084 

1.025 

.959 

0 

4.068 

1.509 

.952 

.679 

.476 

.582 

.325 

.247 

.198 

•.162 

.151 

.104 

.076 

.o48 

.050 

0 

L.E.  radius  I  0,272  percent  c 

Figure  6.-  •  NACA  0010-55  bfisic  thickness  form. 
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X 

(percent 


iLl 


(percent,  o) 


(vA)' 


vA 


AVaA 


0 

1.25 

2.5 

5.0 

7.5 
10 
15 
20 
;o 
.0 
,0 
0 
0 
to 
90 

95 

100 


2.U95 

3.135 

3.655 

4.U95 

5.095 

5.800 
6.000 
5.827 
>20 
.80 

1.867 

1.027 

.120 


0 

.865 

.997 

1.122 

1.186 

1.229 

1.282 

1.310 
1.3-29 

1.311 
1.284 

1.249 

1.192 

1.112 

0 


L.E.  radius:  O.39I  percent  c 


0 

.930 

.999 

1.069 

1.089 

1.109 

1.132 

1.145 

1.153 

1.145 

1.133 
1.118 
1.092 
1.055 

.992 

.946 

0 


3.I5U 

1.251 

.933 

!56o 

.484 

.339 

.329 

.250 

.198 

.158 

.128 

.098 

.071 

.045 

.029 

0 


Figure  7.“  NACA  0012-34  basic  thickness  form 
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Figure  8*-  NACA  0012-64  bo-sic  thickness  form* 
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Figure  9*"“  I>ata  for  NACA  mean  line  a  =  0,8  (modified)* 
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Figure  11.-  Aerodynamic  oharacteriatios  of  the  NACA  0010-54,  a  =  0.8  (modified)^  =  0,2  airfoil  section,  24-inch  chords 
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Figure  12.-  Aerodynamic  characteristics  of  the  NACA  0010-55  airfoil  section,  24-lnch  chord; 
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Figure  15.-  Aerodynando  oharacterlstlcB  of  the  NACA  0012-64  airfoil  eeot Ion,  24-lnch  choxtLi 
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Figure  14.-  Aerodynamic  characteristic  a  of  the  NACA  0012-64,  a  =  0.8  (modified),  cj.  =  0.2  airfoil  section,  24-.lnch  chord. 


Figure  15*-  Aerodynamic  characteristics  of  the  NACA  0012  airfoil  section,  2i|.-inch  chord. 
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Figure  16.-  Aerodynamic  chcracterlstloa  of  the  HACA  airfoil  aection,  2l4.-inch  chord. 
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Figure  17.-  Aerodynamic  character  Is  tloe  of  the  HACA  21^10  airfoil  section^  2l^-lnch  chords 
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Airfoil  thickness  ratio,  percent  chord 

Flgxure  18,-  Minimum  section  drag  coeffloients  of  several  modified  KACA  fo\ir-dlgit-8erle 
airfoil  sections,  both  with  and  without  standard  roughness,  as  compared  with  those  of 
a  niomber  of  NACA  6-serle8  and  NACA  four-dlglt-series  airfoil  sections.  R  =  6.0  x  10^ 
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Modified  NAGA  l|-dlgit  series 


Figure  20.-  Maximum  section  lift  coefficients  of  several 
modified  NACA  f our-dlglt-series  airfoil  sections,  both 
with  and  v/lthout  standard  rougl'iness  and  split  flaps,  as 
compared  with  those  of  a  number  of  NACA  64-series  and 
NACA  four-digit-series  airfoil  sections.  R  =  6.0  x  10^. 
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m  o 

•H  -P 
?-l  Oj 
©  bO 


o/x 


0 Tui^ aj^pojGB  opq.  jo  uoj^xsod 


aspApao'^Q 


Airfoil  thickness  ratio,  percent  chord 

Figure  21*-  Ohordwise  position  of  the  aerodynamic  center  of 
several  modified  NACA  four-digit-series  airfoil  sections  as 
compared  with  those  of  a  number  of  NACA  64-8eries.and  NACA 
four-digit-series  airfoil  sections.  R  =  6,0  x  10^. 


